Abstract. Liraglutide, a long-lasting glucagon-like peptide-1 analogue, has been used for the treatment of patients with type 2 diabetes mellitus since 2009. In this study, we investigated the anti-diabetic effects and mechanisms of action of liraglutide in a spontaneous diabetic animal model, using KK/Upj-Ay/J (KKAy) mice. The KKAy mice were divided into 2 groups, the liraglutide group (mice were treated with 250 µg/kg/day liraglutide) and the model group (treated with an equivalent amount of normal saline). C57BL/6J mice were used as the controls (treated with an equivalent amount of normal saline). The treatment period lasted 6 weeks. During this treatment period, fasting blood glucose (FBG) levels and the body weight of the mice were measured on a weekly basis. Our results revealed that liraglutide significantly decreased FBG levels, the area under the curve following a oral glucose tolerance test and insulin tolerance test, increased serum insulin levels, reduced homeostasis model assessment of insulin resistance and increased the insulin sensitivity index. Furthermore, liraglutide ameliorated glycometabolism dysfunction by increasing glycolysis via hexokinase and glycogenesis via pyruvate kinase activation. An ultrastructural examination of the pancreas revealed that liraglutide improved the damaged state of islet β cells and increased the number of insulin secretory granules. The real-time PCR results revealed that the gene expression of glucose transporter 4 (GLUT4) increased following treatment with liraglutide. Liraglutide also upregulated the protein expression of GLUT4 in liver tissue and skeletal muscle. Our results suggest that liraglutide ameliorates glycometabolism and insulin resistance in diabetic KKAy mice by stimulating insulin secretion, increasing glycogenesis and glycolysis and upregulating the expression of GLUT4.
Introduction
It has been reported that approximately 366 million individuals worldwide were affected by diabetes in 2011 and the numbers are estimated to reach 522 million by 2030 (1) . With the increase in diabetes cases, complications associated with diabetes, such as large-vessel obstruction (including coronary artery diseases, atherosclerosis and peripheral vascular diseases) and microvascular pathologies (including retinopathy, nephropathy and neuropathy) are also expected to increase (2) . Insulin resistance is known to play a vital role in diabetes and its complications (3, 4) .
Glucagon-like peptide-1 (GLP-1), an anorexigenic hormone, secreted by intestinal L-cells, has several physiological functions, such as lowering blood glucose levels and increasing insulin secretion (5) (6) (7) . Liraglutide, marketed under the brand name, Victoza, is a long-acting GLP-1 agonist developed by Novo Nordisk (Bagsvaerd, Denmark) for the treatment of type 2 diabetes (8) . The product was approved by the European Medicines Agency (EMA) on July 3, 2009 and by the US Food and Drug Administration (FDA) on January 25, 2010. It has been reported that liraglutide activates the GLP-1 receptor and exerts several physiological effects, such as decreasing blood glucose levels, improving lipid metabolism and reducing blood pressure and endothelial dysfunction (9, 10) . However, the mechanisms behind its anti-diabetic effects remain unknown.
Studies have confirmed that important insulin signaling molecules, such as insulin receptor (InsR), phosphatidylinositide 3-kinases (PI3Ks) and glucose transporter (GLUT), play a vital role in glucose metabolism and insulin resistance (11, 12) . In particular, GLUT4 is one of the predominant GLUTs in cells, promoting glucose trafficking and uptake. The concentration of glucose increases abnormally with anomalies in GLUT4 expression (13, 14) . KK/Upj-Ay/J (KKAy) mice can spontaneously become obese, hyperglycemic and hypertriglyceridemic, Liraglutide ameliorates glycometabolism and insulin resistance through the upregulation of GLUT4 in diabetic KKAy mice and are thus used as a polygenic type 2 diabetes model (15) . In the present study, we used diabetic KKAy mice to investigate the effects and the mechanisms of action of liraglutide on glucose metabolism and insulin resistance.
Materials and methods
Animals, grouping and treatment. Twelve male KKAy mice (11-13 weeks old) and 6 C57BL/6J (C57) mice (same age) were obtained from the Chinese Academy of Medical Sciences (Beijing, China) and were kept individually in plastic cages covered with wood shavings at a temperature of 20-25˚C and a humidity of 45-55% with illumination for 12 h in a specific pathogen-free (SPF) environment. The KKAy mice were fed high-fat chow and the C57 mice were fed ordinary animal chow. All the mice were allowed free access to water. The present study was approved by the Ethics Committee on the Use of Experimental Animals of Xi'an Jiaotong University, Xi'an, China. After the mice were allowed to acclimatize for 1 week, fasting blood glucose (FBG) levels in the KKAy mice were measured. The mice with FBG values >16.7 mmol/l were considered diabetic and randomly divided into 2 experimental groups: the liraglutide group [n=6, subcutaneous (s.c.) liraglutide injection 250 µg/kg/day; obtained from Novo Nordisk] and the model group (n=6, s.c. equivalent volume of normal saline). The C57 mice were considered non-diabetic and used as the control group (n=6, s.c. equivalent volume of normal saline). Drugs were administered to the mice between 16:30 and 17:00 p.m. each day. During the 6-week treatment period, FBG levels (6-h fast) and body weights of all the animals were measured weekly using a glucose meter (Roche Diagnostics GmbH, Mannheim, Germany) and a laboratory electronic scale. At the end of the experiment, blood samples from the KKAy mice were obtained through the venous plexus behind the eyeball following anesthesia by 10% chloral hydrate. The samples were placed into Eppendorf tubes and centrifuged at 1,368 x g for 10 min at room temperature and the plasma was collected and stored at -80˚C until analysis. The mice were then sacrificed. Tissues were separated into 3 specimens with one immediately stored in Eppendorf tubes frozen in liquid nitrogen and the second immersed into stationary liquid and observed under an electron microscope and then rapidly placed in a refrigerator at 4˚C until analysis. The third was fixed in 10% formalin for immunohistochemical examination.
Oral glucose tolerance test (OGTT).
The OGTT was performed on the 7th week of the experimental period. After 6 h of fasting, a glucose solution of 2 g/kg was orally administered, and blood glucose was measured at 0, 30, 60 and 120 min, after obtaining blood from an injection into the tail vein, using a glucose meter and the area under the curve (AUC) was calculated for FBG during the OGTT.
Insulin tolerance test (ITT).
After 6 weeks of treatment, an ITT was performed. A subcutaneous injection of 4 U/kg insulin (Jiangsu Wanbang Biochemistry Medicine Co., Xuzhou, China) was administered after 6 h of fasting and blood glucose levels were measured at 0, 40 and 90 min using a glucose meter. The AUC was calculated for FBG during the ITT.
Serum insulin detection and insulin resistance index calculation. Serum insulin levels were measured by enzyme-linked immunosorbent assay (ELISA) using a mouse insulin ELISA kit (R&D System, Inc., Minneapolis, MN, USA). The homeostasis model assessment of insulin resistance (HOMA-IR) and the insulin sensitivity index (ISI) were calculated according to the following formula: HOMA-IR = FBG (mmol/l) x FINS (µU/ml)/22.5; ISI = 1/[FBG (mmol/l) x FINS (µU/ml)], where FINS represents the fasting insulin levels, as previously described (16) .
Liver and skeletal muscle biochemical index analysis. Liver and skeletal muscle glycogen levels were measured using the anthracenone method. Skeletal muscle pyruvate kinase (PK) levels were measured by colorimetric assay and hexokinase (HK) levels were measured using the glucose 6 phosphate dehydrogenase coupling colorimetric method. The measurements of such indexes were performed using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Transmission electron microscopy. For electron microscopy, portions of the splenic region of each pancreas were minced into 1-mm cubes, fixed with 2.5% glutaraldehyde and 2% osmic acid and then dehydrated and embedded in epoxy resin. Ultrathin sections were collected onto 200-mesh copper grids and double stained with uranyl acetate and lead acetate, and each section was observed under a Hitachi H-7650 Transmission Electron Microscope (Hitachi, Tokyo, Japan).
RNA isolation and real-time PCR.
Total RNA was isolated from mouse liver tissues using TriPure RNA isolation reagent (Roche, Basel, Switzerland), and 2 µg of RNA were reversetranscribed using the Prime Script™ RT Master Mix (Perfect Real Time) (Takara Bio, Inc., Tokyo, Japan). Quantitative RT-PCR was performed using SYBR ® Premix Ex Taq™ II (Perfect Real-Time; Takara Bio, Inc.). PCR reactions were performed in 96-well plates in an iQ5 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA).
All of the primers and probes for RT-PCR were obtained from Takara Bio, Inc. Murine InsR was amplified using the primers InsR-F (5'-GCC GCT CCT ATG CTC TGG TAT C-3') and InsR-R (5'-AGT TGC CTC AGG TTC TGG TTG TC-3'); murine PI3K was amplified using the primers PI3K regulatory subunit 1 (Pik3r1)-F (5'-GCT CCT GGA AGC CAT TGA GAA-3') and Pik3r1-R (5'-CGT CGA TCA TCT CCA AGT CCA C-3'); murine GLUT2 was amplified using the primers solute carrier family 2 (facilitated glucose transporter), member 2 (Slc2a2)-F (5'-GGC ATC AGC CAG CCT GTG TA-3') and Slc2a2-R (5'-CAT GCC AAT CAT CCC GGT TAG-3'); murine GLUT4 was amplified using the primers solute carrier family 2 (facilitated glucose transporter), member 4 (Slc2a4)-F (5'-TCT TAT TGC AGC GCC TGA GTC-3') and Slc2a4-R (5'-GCC AAG CAC AGC TGA GAA TAC A-3'); and murine GAPDH was amplified using the primers GAPDH-F (5'-TGT GTC CGT CGT GGA TCT GA-3') and GAPDH-R (5'-TTG CTG TTG AAG TCG CAG GAG-3'). GAPDH served as the endogenous control. The results were normalized to GAPDH. Efficiencies of RT-PCR for the target gene and the endogenous control were approximately equal. The -ΔCT expresses the difference between the number of cycles (CT) of the target genes and the endogenous control. The results were expressed as 2 -ΔΔCt , and express the x-fold increase of gene expression compared with the control group. The standard curve and data analysis were produced using Bio-Rad iQ5 software (Bio-Rad Laboratories).
Immunohistochemistry (IHC) in liver tissue and skeletal muscle. IHC was performed to examine the expression of GLUT4. Liver tissue and skeletal muscle from each group were fixed in 10% formalin and embedded in paraffin. The sections were deparaffinized and rehydrated and then immersed in citrate buffer and heated in a microwave oven for antigen retrieval. After cooling to room temperature, the sections were rinsed and incubated with 3% H 2 O 2 solution to block endogenous enzymes. Normal goat serum was incubated to block non-specific binding after rinsing with PBS. Primary antibody to GLUT4 (1:200; Abcam, Cambridge, MA, USA) was then added, followed by overnight incubation at 4˚C. The sections were incubated with the appropriate secondary antibody and horseradish-peroxidase. DAB substrate buffer (Beijing Zhongshan Golden Bridge Biotechnology Co., Beijing, China) was then added to achieve coloration. The specimens were subsequently dehydrated with ethanol, cleared with xylene and then mounted on glass cover slips. Brown colored sites were quantified at a final magnification of x400 using a microscope by a pathologist and photographed using an Olympus DP71 digital camera (Olympus, Tokyo, Japan).
Statistical analysis.
Values are presented as the means ± standard error of the mean (SEM). Differences between the C57 mice and KKAy mice were tested for significance with an independent sample t-test and ANOVA. All statistical analyses were performed using SPSS v13.0 software and the data in the figures were analyzed using GraphPad Prism 5.0 software. Parameters with P-values <0.05 were considered to indicate statistically significant differences.
Results
Liraglutide decreases FBG levels and body weight in KKAy mice. Initially, baseline FBG levels in the diabetic KKAy mice were significantly higher than those in the C57 mice (Fig. 1A) . Following 1 week of injections, the liraglutide-treated KKAy mice demonstrated a significant decrease in FBG levels compared with the normal saline-treated KKAy mice (Fig. 1A) . During the 6 weeks of treatment, the blood glucose levels in the liraglutide group had a decreasing tendency. The decreasing percentage of FBG in the liragutide-treated KKAy mice was significantly higher than the normal saline-treated KKAy mice after the treatment period ended (P<0.01, vs. model group) (Fig. 1B) . There was no statistically significant difference in body weight between the liraglutide-treated and normal saline-treated KKAy mice before and during the treatment period (P>0.05) (Fig. 1C and D) .
Liraglutide improves the glucose tolerance of KKAy mice.
The OGTT results revealed that the blood glucose levels in all groups peaked at 30 min after oral glucose loading and then decreased. We observed that the blood glucose levels in the liraglutide group increased and decreased ( Fig. 2A ) much more promptly in a persistent state compared with the control and model group, whereas the levels of blood glucose in the model group remained at high levels before and after the glucose solution loading. The AUC in the liraglutide group was significantly lower than that in the model group (P<0.01) (Fig. 2B) . The AUC in the liraglutide group was significantly higher than that in the control group (P<0.05) (Fig. 2B ). These results demonstrate that liraglutide improves glucose tolerance in KKAy mice.
Liraglutide improves insulin tolerance in KKAy mice. In all the groups, FBG levels rapidly decreased within 40 min after the insulin injection. In the control group and liraglutide group, the FBG levels continued to decrease (Fig. 2C) . However, the blood glucose levels in the model group began to gradullay increase after 40 min. The AUC in the liraglutide group was significantly lower than that in the model group (P<0.05) (Fig. 2D ) and higher than that in the control group (P<0.05) (Fig. 2D) . These results indicate that liraglutide ameliorates insulin tolerance in KKAy mice.
Liraglutide improves serum biochemical parameters in KKAy mice. Following treatment with liraglutide for 6 weeks, the insulin levels in the liraglutide group were significantly higher than those in the control and model group (P<0.01) (Fig. 2E) . Fig. 2F illustrates the FBG levels of the 3 groups at the end of the experiment. HOMA-IR in the liraglutide group was significantly decreased compared with the model group (P<0.05), but was still higher compared with the control group (P<0.05) (Fig. 2G) . Likewise, the ISI in the liraglutide group significantly improved compared with the model group (P<0.05), but was still higher compared with the control group (P<0.05) (Fig. 2H) .
Liraglutide influences the glucometabolic biochemical index in KKAy mice. As indicated by the content of hepatic glycogen, liraglutide significantly increased glucose metabolism in the liver compared with the normal saline-treated KKAy mice (P<0.05) (Fig. 3A) . As indicated by the levels of skeletal muscle glycogen, following treatment with liraglutide, glucose metabolism in skeletal muscle improved; however, no difference was observed between the model group and the liraglutide group (P>0.05) (Fig. 3B) . As indicated by the skeletal muscle PK and HK levels, liraglutide significantly increased PK and HK activity compared with the model group (P<0.05) (Fig. 3C and D) . In the normal C57 mice, skeletal muscle PK and HK levels were significantly higher than those of the KKAy mice (P<0.05) (Fig. 3C and D) .
Effects of liraglutide on ultrastructure of β cells.
Ultrastructural changes were observed in the pancreatic β cells of the KKAy mice compared with the C57 mice (Fig. 4) . The number of secretory granules, which presumably contain insulin, in the β cells from the normal saline-treated KKAy mice was found to be markedly lower than that in the control C57 mice. Enlargement of the mitochondria, destruction of mitochondrial cristae, development of the Golgi apparatus and an increase in the amount of the rough endoplasmic reticulum (RER) in the electron microscopic images of pancreatic β cells from the normal saline-treated KKAy mice were observed compared with the C57 mice. The number of secretory granules increased in the β cells from the liraglutide-treated KKAy mice; the morphology of the mitochondria, the Golgi apparatus and the RER had a more normal appearance, comparable to that in C57 mice.
Effects of liraglutide on gene expression in KKAy mice.
As shown in Fig. 5 , the expression of all the selected target genes (InsR, Pik3r1, Slc2a2, Slc2a4) in the insulin pathway was decreased in KKAy mouse livers, compared with those in the C57 mice (P<0.05 or P<0.01). Following the administration of liraglutide for 6 weeks, the expression of Slc2a4 (coding GLUT4) increased significantly compared with that in the model group (KKAy mice treated with normal saline; P<0.01) (Fig. 5D) . Although the other genes showed no difference in expression between the model group and liraglutide group, the expression At the end of treatment, pancreatic tissues were excised and fixed with 2.5% glutaraldehyde and 2% osmic acid, then dehydrated and embedded in epoxy resin. Ultra-thin sections were stained with uranyl acetate and lead acetate. Each section was observed under an electron microscope. Representative images of pancreatic β cell sections of age-matched normal saline-treated C57 mice, normal saline-treated KKAy mice, or liraglutide-treated KKAy mice are shown (x10,000). G, Golgi apparatus; M, mitochondria; RER, rough endoplasmic reticulum.
of Slc2a2 (coding GLUT2) was slightly increased, which was not statistically different compared with that in the C57 mice (P>0.05) (Fig. 5C) .
IHC in liver tissue and skeletal muscle. The positive signal of GLUT4 was presented as brown (Fig. 6) . We used Image-Pro Plus 6.0 software to analyze the IHC images and found that following liraglutide administration, the expression of GLUT4 in liver tissue and skeletal muscle increased significantly compared with the model group (P<0.01) (Fig. 6 ). These results demonstrate that liraglutide upregulates the expression of GLUT4 in liver tissue and skeletal muscle in diabetic KKAy mice.
Discussion
Liraglutide, a long-lasting GLP-1 analogue, has been used for the treatment of patients with type 2 diabetes mellitus since 2009. The degree of sequence identity between liraglutide and native GLP-1 is high, at 97%. Liraglutide is suitable for quaque die (q.d.; one a day) dosing via subcutaneous injection with an average half-life (t 1/2 ) of 11.6 to 12.8 h, without regard to meals (17) . The activation of the GLP-1 receptor on β cells results in insulin production and exocytosis in a glucose-dependent manner (i.e., only during hyperglycemia), which minimizes the risk of hypoglycemia. However, the mechanisms behind its effects on insulin resistance and glycometabolism remain unknown. In our study, we used a spontaneous diabetic animal model (KKAy mice) to investigate the mechanisms behind the anti-diabetic effects of liraglutide. Our experiments confirmed that liraglutide decreases FBG levels, increases insulin secretion, improves insulin sensitivity and ameliorates insulin resistance in KKAy mice. Moreover, liraglutide increased glycogen in the liver and skeletal muscle and activated HK and PK. Furthermore, liraglutide improved β cell morphology, increased insulin secretion, enhanced the gene expression of GLUT4 in the liver and upregulated the expression of GLUT4 in liver tissue and skeletal muscle in diabetic KKAy mice.
Several studies have reported that GLP-1 receptor agonists (e.g., exenatide and liraglutide) stimulate the production and secretion of insulin from pancreatic β cells, reduce plasma glucose levels and reduce gastric emptying in patients with type 2 diabetes mellitus and rodents, such as Zucker Diabetic Fatty (ZDF) rats, Otsuka-Long-Evans-Tokushima Fatty (OLETF) rats, db/db mice, ob/ob mice, Swiss TO mice and β cell-specific glucokinase-deficient Gck(-/-) mice (18) (19) (20) . (18) (19) (20) . It is well known that glucose homeostasis disorder and hyperglycemia and diabetes are closely related. Glycogen, HK and PK are important glycometabolism indexes that correlate with glucose distribution and uptake (21) . It has been reported that glycogen synthesis disorder promotes the occurrence of hyperglycemia and diabetes (22, 23) . HK and PK are the key enzymes of glycolysis. HK catalyzes glucose to generate glucose 6 phosphate in the first step in glycolysis. Activated HK promotes glycogen synthesis and glycolysis (24, 25) . PK catalyzes the conversion of phosphoenolpyruvate to pyruvic acid and the phosphorylation of adenosine diphosphate (ADP) to adenosine triphosphate (ATP) (26, 27) . Sun et al (28) and Ye et al (29) found that the increased expression of PK M2 (one of the PK isoforms) stimulates glycolysis. Shirakawa et al (30) reported that liraglutide increases the glycogen content in neonatal Gck(-/-) mouse livers. Our results firstly demonstrated that liraglutide increases skeletal muscle HK and PK activity. We also demonstrated that liraglutide increased liver and skeletal muscle glycogen content in KKAy mice.
Islet β cell dysfunction and insulin resistance are the main risk factors correlated with type 2 diabetes (31,32). Islet β cell dysfunction induces insulin secretion disorders and hyperglycemia (33, 34) . The study by Emamaullee et al (35) confirmed that liraglutide improves β cell function by reducing apoptosis. Sturis et al (36) treated ZDF rats with liraglutide for 6 weeks and found that liraglutide induced islet β cell proliferation, thus inducing anti-hyperglycemic effects. The study by Knudsen (37) demonstrated that liraglutide modulates the progressive loss of β cell function that drives the continous deterioration in glycaemic control in patients with type 2 diabetes. These findings are in accordance with our electron microscopy observations that liraglutide normalized the state and number of mitochondria, the Golgi apparatus and the RER, and increased the number of secretory granules in islet β cells. The serum content of insulin was also increased by liraglutide in KKAy mice, which suggests that liraglutide improves β cell morphology and function.
Diabetes mellitus is part of the insulin resistance syndrome and insulin resistance leads to a decrease in insulin sensitivity. Insulin secretion abnormalities and insulin sensitivity disorders in the target organs lead to blood glucose abnormalities (38, 39) . Insulin is secreted by islets β cells as a response mechanism for counteracting the increasing excess amounts of glucose in the blood. After insulin enters the bloodstream, it binds to the α-subunit of the InsR on the cell membrane, which triggers the tyrosine kinase activity of the β-subunit that is attached to the α-subunit. The InsR substrate family, such as IRS-1 and IRS-2, is phosphorylated and combines with the regulatory subunit of PI3K and passes insulin signaling to the protein kinase B (Akt) molecule, leading to the induction of a variety of insulin bioactivities, thus improving insulin resistance (11, (40) (41) (42) (43) .
GLUTs are a wide group of membrane proteins, one of the downstream substrates of Akt, which facilitate the transport of glucose over the plasma membrane. GLUT2 is the principal transporter for the transfer of glucose between the liver and blood, and renal glucose reabsorption. GLUT4 is frequently expressed in skeletal muscle, cardiac muscle and adipose tissue, the major tissues of the body that respond to insulin. GLUT4 is a major mediator of glucose removal from the circulation and functions as a key regulator of whole-body glucose homeostasis (44) . It has been confirmed that increases in GLUT4 protein expression improve glucose homeostasis in dilated cardiomyopathy animals (45) . Studies had been found that insulin resistance is related to a decrease in GLUT4 expression (46) . It has been reported that liraglutide increases insulin secretion and target organ sensitivity to insulin, thus improving the insulin resistance state (18, 47) . We obtained similar results, showing that liraglutide improves the glucose tolerance and insulin tolerance, decreases the value of HOMA-IR and exerts a potent protective effect on insulin resistance. However, to our knowledge, there are no reports to date as to whether liraglutide influences the gene expression of the insulin pathway in KKAy mice. Our real-time PCR results revealed that the gene expression of InsR, PI3K, GLUT2 and GLUT4 was downregulated in the diabetic KKAy mice, compared with the control C57 mice. In addition, to our knowledge, we demonstrate for the first time that liraglutide significantly increases the gene expression of GLUT4 in KKAy mouse livers. We also found that liraglutide significantly increased the expression of GLUT4 in KKAy mouse liver tissue and skeletal muscle, which was consistent with the real time-PCR results. Thus, the upregulation of GLUT4 may be one of the mechanisms involved in the effects of liraglutide in increasing insulin sensitivity and improving insulin resistance.
In conclusion, the results from the present study suggest that liraglutide ameliorates glycometabolism by increasing glycogenesis production and glycolysis, improving β cell dysfunction and increasing insulin secretion, ameliorating insulin sensitivity and reducing insulin resistance, which may be associated with the upregulation of GLUT4. Thus, liraglutide exerts potent anti-diabetic effects. Our data provide the molecular basis for further investigation into the mechanisms by which liraglutide moderates glucose metabolism.
